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Raman excitation and emission spectra for the radial breathing mode (RBM) are reported, together with a 
preliminary analysis. From the position of the peaks on the two-dimensional plot of excitation resonance 
energy against Raman shift, the chiral indices (m, n) for each peak are identified.  Peaks shift from their 
positions in air when different pressure media are added – water, hexane, sulphuric acid – and when the 
nanotubes are unbundled in water with surfactant and sonication. The shift is about 2 – 3 cm–1 in RBM 
frequency, but unexpectedly large in resonance energy, being spread over up to 100meV for a given peak.  
This contrasts with the effect of pressure.  The shift of the peaks of semiconducting nanotubes in water under 
pressure is orthogonal to the shift from air to water.  This permits the separation of the effects of the pressure 
medium and the pressure, and will enable the true pressure coefficients of the RBM and the other Raman 
peaks for each (m, n) to be established unambiguously. 
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Introduction  
 Although the pressure dependence of the Raman spectra of carbon nanotubes has been studied for over 
fifteen years, there is little agreement between the results of the different laboratories nor is there consistency 
with simple models [1]. Most studies have concentrated on the G-band, which derives from the graphite 
E2G(2) band. The graphite band shifts at 4.7cm–1GPa–1 [2], and while the pressure coefficient of the 
corresponding band in graphene is consistent with this [3], the reported pressure coefficients of the nanotube 
band are not.  There is no consistent variation according to the nanotube diameter, whether the nanotubes are 
open (filled) or closed (empty), or whether they are circular or collapsed. Moreover, the pressure coefficients 
vary unexpectedly with pressure medium and excitation energy [1, 4].  Some clarity is perhaps emerging on 
the ovalisation and collapse of closed tubes under pressure [5, 6].  Here we focus on the low-frequency radial 
breathing mode (RBM) at ambient and low pressure (pressures below any ovalisation or collapse).  
 Since Kataura et al. published the eponymous plot, in which each nanotube specified by the chiral 
numbers (m, n) corresponds to a point on a plot of excitation resonance energy against diameter [7], a lot of 
work has been put into theoretical and experimental refinement of the Kataura plot. Maultzsch et al. published 
a version in which the diameter axis is replaced by the inverse of the RBM frequency, and the (m, n) 
identifications come from a careful comparison of theory and experiment [8]. Telg et al. showed that the 
identification could be carried over reliably to the anti-Stokes RBM peaks, which have a different resonance 
energy [9].  Most of this work has been carried out on nanotubes unbundled and dispersed in water by 
surfactants and sonication; different surfactants cause different shifts in the excitation resonance energy which 
can be of opposite sign for semiconducting and metallic tubes [8].  Cambré et al. [10] showed that the 
presence of water inside the nanotubes could be detected by the shift in position on the Kataura plot.  
 We report experiments designed to measure systematically the effects of pressure medium and of 
pressure on the RBM of tubes identified in this way by their (m, n) chiral numbers. The objective is to 
establish whether such experiments can give unambiguous pressure data for different tubes, decoupled from 
the effects of the pressure medium.   
 
Experimental Results 
 
Raman spectroscopy was carried out using Ti-sapphire lasers. The excitation energy was varied in 
small steps from 1.48eV to 1.78eV, and the RBM spectra were recorded from 210cm–1  to 305cm–1 for Hipco 
tubes, and from 140cm–1  to 185cm–1 for Carbolex tubes, for each excitation energy.  These RBM frequency 
ranges were chosen for the diameters of these tubes (Hipco,  0.7 – 1.4nm; Carbolex, 1.2 – 1.6nm), to select a 
region of the Kataura plot accessible by our lasers and with a moderate density of nanotubes.  Preliminary 
results are shown here; a fuller analysis will be presented elsewhere.  
 The nanotube samples were measured first without unbundling. RBM peaks and their excitation 
spectra were well-resolved, as expected from, e.g., the results for bundled tubes presented by Fantini et al. 
[11].  Data were recorded in air with a laser spot about 15m diameter.  The power was increased until at 
about 55mW effects attributed to a rise in temperature were observed (a redshift of the RBM by about 1cm–1, 
corresponding to a temperature rise of perhaps 70 [12]). The power was then reduced to 20mW and this 
power was used for all subsequent measurements.  For each pressure medium (water, hexane and sulphuric 
acid), the nanotubes were simply wetted with a few drops of the liquid.  For comparison, we also unbundled 
the nanotubes as a dispersion in water using (following O’Connell et al. [13] and many subsequent authors) 
sodium dodecyl sulphate as surfactant, and sonication for one hour. Unbundling was confirmed by the 
absence of the Breit-Wigner-Fano peak in the G-band for metallic tubes [14].  
 Typical spectra are shown in Fig.1. Lorentzian peaks were fitted to the spectra, by an iterative process 
in which a set of peaks were sought which varied only in intensity between successive spectra and which 
corresponded in a consistent manner to the RBM frequencies in the Kataura plots of Araujo et al. [15, 16] 
taking into account also the identifications made in experimental work by other authors [e.g. 17]. 
Uncertainties in the RBM peak frequencies found in this way are about 1cm–1.  Then the excitation energy for 
which each peak was most intense was identified (to an accuracy of about 10meV), yielding the co-ordinates 
for the data points plotted in Fig.2.  
 Both when bundled and when unbundled, the spectra for the Hipco tubes could be identified as 
belonging to seven different tubes from three semiconducting families, 2m + n = 25, 22 and 19 (Figure 2).  
The solvents all blue-shifted the RBM frequency by 2 – 3cm–1 relative to air.  The dramatic effect, however, is 
on the excitation resonance energy, which was up to 100meV different for bundled tubes in sulphuric acid and 
for unbundled in water, with water and hexane giving smaller up-shifts up to 30meV relative to air. For the 
bundled tubes especially, these shifts are remarkably large. Possibly they indicate that the liquids penetrate the 
bundles.    
 Also in Fig.2, we compare the shifts in bundled Hipco tubes under 2GPa pressure, using water as the 
pressure medium. A diamond-anvil cell was used, in the Zen configuration to give good pressure control at 
low pressures [18], with ruby luminescence as the pressure gauge. Three pressures were measured, up to 
2GPa. The shift with pressure is almost orthogonal to the shift from air to water at ambient pressure.  The shift 
in RBM frequency is to higher frequency, and greater for the larger tubes, as expected. The red-shift of the 
excitation resonance energy is substantial, and may be varying with chirality as well as diameter.    
 In Figure 3, some data is shown for the Carbolex tubes. Here, the identifiable points corresponded to 
the metallic families 2m + n = 33 and 36. The shifts in the RBM frequency going from bundled in air to 
bundled in water are much larger, ~ 5 – 7 cm–1, and the shifts in the excitation resonance energy are in the 
opposite direction to the semiconducting tubes, as observed by Maultzsch et al. [8] for different surfactants.  
For comparison we show also the calculated positions (in vacuum) given by Araujo et al. [16] and the 
experimental positions found by Strano et al. [17] for unbundled tubes in water.  The behaviour here is very 
different from the semiconducting tubes in Fig.1, with large increases in the RBM frequencies relative to air, 
and with shifts in water and unbundled in water of the opposite sign to those in Fig.1.  
   
 
Conclusions 
 
A detailed discussion will be given when analysis of the data is complete.  Meanwhile, the data of 
Figure 2 permit the following conclusions. The effect of the pressure medium is primarily on the excitation 
resonance energy and this has the confounding effect (described in Ref.1) on attempts to compare pressure 
experiments in different media at the same laser excitation energy. Different tubes are in resonance in the 
different media. It is clear that the effect of the medium is not to impose a “solvation pressure” as postulated 
previously [19]. Finally, while pressure imposes a closer contact and perhaps a stronger interaction between 
the medium and the nanotubes, this is not the principal effect of pressure. Most important, the data presented 
here show that the effects of pressure medium and of pressure may be clearly distinguished on these two-
dimensional spectral plots. It will be possible to extract pressure coefficients for the RBM and G-bands for 
each (m, n).   
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Figures and Captions 
 
 
 
Figure 1 (Colour online): Ten spectra from the set obtained for Hipco semiconducting nanotubes, 
bundled, in water. The excitation energy for each spectrum is marked.  The spectra are offset vertically 
for clarity.  
 
 
 
Figure 2 (Colour online): Each data point corresponds to the RBM Raman shift and the excitation 
resonance energy for Hipco semiconducting nanotubes with the chiral indices (m, n) marked. The 
squares are for dry nanotubes in air, the crosses () for sulphuric acid; the triangles for hexane. The 
solid circles are for bundled tubes in water and the open circles for unbundled in water with surfactant.  
Data taken under the pressure of 2GPa is shown by the crosses (+) for bundled nanotubes in water. The 
arrows show the shifts due to pressure.    
 
Figure 3 (Colour online): Each data point corresponds to the RBM Raman shift and the excitation 
resonance energy for Carbolex metallic nanotubes with the chiral indices (m, n) marked. The solid 
squares are for air and the solid circles for water.  The open squares are the calculated positions from 
Araujo et al. [15] and the open circles are the experimental results of Strano et al. [17] for unbundled in 
water.    
 
